There is now considerable evidence that white matter abnormalities play a role in the neurobiology of autism. Little research has been directed, however, at understanding (a)typical white matter development in autism and how this relates to neurocognitive impairments observed in the disorder. In this study we used probabilistic tractography to identify the cingulum bundle in 21 adolescents and young adults with autism spectrum disorder (ASD), and 21 age-and sexmatched healthy volunteers. We investigated group differences in the relationships between age and fractional anisotropy, a putative measure of white matter integrity, within the cingulum bundle. Moreover, in a preliminary investigation, we examined the relationship between cingulum fractional anisotropy and executive functioning using the Behavior Rating Inventory of Executive Function (BRIEF). The ASD participants demonstrated significantly lower fractional anisotropy within the cingulum bundle compared to the typically developing volunteers. There was a significant group-by-age interaction such that the ASD group did not show the typical ageassociated increases in fractional anisotropy observed among healthy individuals. Moreover, lower fractional anisotropy within the cingulum bundle was associated with worse BRIEF behavioral regulation index scores in the ASD group. The current findings implicate a dysregulation in cingulum bundle white matter development occurring in late adolescence and early adulthood in autism spectrum disorder, and suggest that greater disturbances in this trajectory are associated with executive dysfunction in ASD.
Introduction
Autism is a childhood neurodevelopmental disorder characterized by significant impairments in social interaction, reciprocity, and communication, in addition to restricted and stereotyped interests, activities and behaviors (Volkmar and Klin, 1999) . It is likely that executive dysfunction contributes to the pathogenesis and severity of these core impairments (Hill and Hill, 2004; Shafritz et al., 2008) . Executive dysfunction is a very common autism comorbidity/endophenotype, particularly deficits in cognitive flexibility, set-shifting, planning, working memory, and response inhibition (Landa and Goldberg, 2005; Lopez et al., 2005; Ozonoff and McEvoy, 1994) . Appropriate interpersonal interactions and behavior depend on the ability to maintain relevant information in short term memory while planning social actions and responses, to adequately inform conversational partners of shifts in topic, and to inhibit the impulse to behave in a socially compromising fashion (Landa and Goldberg, 2005; Turner, 1997) .
Recent data support the hypothesis that white matter abnormalities in the cingulum bundle play a role in the neurobiology of ASD (Thakkar et al., 2008) , although the functional significance of these white matter abnormalities remains largely unknown. Abnormalities of the cingulate cortex in ASD, on the other hand, have been associated with impairments in executive functioning (Pellicano, 2012) , attention and/or performance monitoring (Barttfeld et al., 2012) , emotion recognition (Hall et al., 2003) , socialization (Monk et al., 2009; Noriuchi et al., 2010) , and self awareness (Lombardo et al., 2009) . In a recent review of 48 neuroimaging studies, Travers et al. (2012) reported that in comparison with neurotypical controls, individuals with ASD exhibited white matter abnormalities in several regions, but most notably and consistently in the cingulum bundle, corpus callosum, and temporal lobe. The majority of these studies were conducted using voxelwise or region-of-interest approaches and thus, little work has been directed at using tractography across the entire cingulum bundle.
Unlike these other approaches, probabilistic tractography enables the investigation of white matter integrity of an entire bundle through an automated process using a single statistical analysis, rather than multiple analyses (voxelwise approach) or manual tracing (region-ofinterest approach). Therefore, tractography allows us to estimate tract-epidemic white matter integrities by objectively assessing the tract structure. A limited number of tractography studies investigating the cingulum bundle in ASD has produced seemingly conflicting findings with reports of higher (Weinstein et al., 2011) and lower (Jou et al., 2011) fractional anisotropy (FA) in the ASD groups. However, direct comparison between these two studies is difficult, because they investigated very different childhood populations. While Weinstein and colleagues (2011) found increased FA in the cingulum in young children with ASD (3.2±1.1 years old; range 1.5-5.8 years) compared with typically-developing controls, Jou and colleagues (2011a) found reduced FA in ASD adolescents (13.5±4.0 years old; range 8-19 years) compared with typically-developing controls. It is conceivable that in ASD, there is hyper-maturation of the cingulum bundle in early-childhood followed by fewer agerelated changes (or slower maturation) in adolescence and young adulthood. Therefore, a primary goal of the current study is to further examine potential developmental influences on white matter integrity by specifically studying adolescents and young adults with ASD.
The relationship of white matter abnormalities in ASD with core cognitive deficits such as executive dysfunction remains largely unknown, although developmental considerations may be an important factor. Executive functions (EF) continue to develop through adolescence and early adulthood (Blakemore and Choudhury, 2006) , with commensurate functional changes in neural regions associated with cognitive control processes (Luna et al., 2010) and in white matter integrity (Lebel et al., 2012) . Further, in typical development, FA in white matter tracts continues to increase through late childhood and early adolescence (Lebel et al., 2012) . It is unclear whether the typical improvement in EF observed throughout childhood and adolescence is a direct result of increases in white matter integrity, although it has been suggested that increases in long-range projections throughout EF brain systems are valuable (Luna et al., 2010) .
While there is considerable evidence that autism is characterized by a deficiency in white matter development, the period of abnormal growth has not been consistent across studies. In particular, differential age-related white matter changes in ASD have been demonstrated across a broad age range, i.e., infants, children, and adults (Ben Bashat et al., 2007; Cascio et al., 2012; Kleinhans et al., 2012; Mak-Fan et al., 2012; Mengotti et al., 2011; Schumann et al., 2010; Wolff et al., 2012) . More specifically, greater FA at 6 months was reportedly followed by slower development, resulting in lower FA at 24 months (Wolff et al., 2012) . In addition, less robust age-associated increases in FA (white-matter integrity) have been reported between the ages of 2 and 6 (Cascio et al., 2012) and 13 and 35 years (Kleinhans et al., 2012) , as well as during preadolescence (Mak-Fan et al., 2012) . In contrast, white matter integrity in typical development, including cingulum FA, has been shown to increase until early adulthood followed by slow decrease (Lebel et al., 2012) . Taken together, these results suggest that hyper-maturation of white matter occurs in ASD earlier than 6 month of age, followed by a slowing in white matter development compared with typically developing youth. Important unanswered questions in the field include the functional significance of the enhancement in white matter integrity that occurs during normal adolescence and young adulthood, and whether this pattern also occurs in the ASD population (Barnea-Goraly et al., 2005; Peters et al., 2012) .
Given prior evidence for white matter abnormalities in ASD, the primary goal of the current study was to examine group differences and age-related effects in the cingulum bundle during adolescence and early adulthood in ASD versus age-and sex-matched neurotypical participants using probabilistic tractography. Because of the prior association of cingulate cortex function with EF symptom severity in ASD (Thakkar et al., 2008; Shafritz et al., 2008) , we predicted that structural integrity particularly within the cingulum bundle would be important for EF symptomatology. Specifically, we hypothesized that (1) the ASD group would be characterized by FA deficits within the cingulum bundle compared to the neurotypical group; (2) the ASD group would demonstrate aberrant age-associated white matter changes within the cingulum bundle compared to the neurotypical group and (3) FA would be associated with executive dysfunction among individuals with ASD.
Methods

Subjects
The sample comprised 21 individuals with Autism Spectrum Disorder (mean age 18.1 years, SD=2.7, range 13-23 years, 18 males and 3 females), recruited from the Fay J. Linder Center for Autism and Developmental Disabilities within the North Shore-LIJ Health System. All participants in the ASD group met DSM-IV criteria for either autistic Disorder (n=15) or Asperger's Disorder (n=6), established through diagnostic interviews by a child psychiatrist (JB) which included administration of the Autism Diagnostic Observation Schedule-Generic (ADOS-G) (Lord et al., 2000) and the Autism Diagnostic Interview-Revised (ADI-R) (Lord et al., 1994) . Although co-morbid symptom profiles were also present (common among those with ASD), a general psychiatric interview did not document co-morbid disorders. Eight (8) participants had a history of psychotropic medication use. Three (3) had a history of psychostimulant use, but were free of medication at the time of study. Ten participants were currently receiving the following medications (numbers in parentheses): citalopram (2); escitalopram (1); alprozolam (1); venlafaxine (1); sertraline (1); aripiprazole (2); clomipramine (1); lithium (1) and guanfacine (1).
In addition, 21 age-and gender-matched typically developing adolescents (mean age 18.2 years SD=2.9, range 12-23 years, 18 males and 3 females) also participated in this study and were screened using detailed interviews to assure absence of psychiatric, neurological, or developmental disorders. Exclusion criteria for all participants were the presence of comorbid mood, anxiety, psychotic, seizure disorders, or attention deficit hyperactivity disorder, use of anticonvulsant medication, and IQ < 75 as determined from either the Wechsler Abbreviated Scale of Intelligence (WASI) or estimated from the Wide Range Achievement Test. This study was approved by the North Shore -LIJ Institutional Review Board and written informed consent was obtained from all participants and from parents for minors. All minors provided written assent to participate in the study.
Neuropsychological Assessment
Eleven participants (age ≥ 18 years) in the ASD group completed the Behavior Rating Inventory of Executive Function -Adult Version (BRIEF; Gioia et al., 2000) Self-Report. This version of the BRIEF consists of 75 individual statements for which the participant indicates whether he or she "never, sometimes, or often" engages in a particular behavior. Validity of self-report versions of the BRIEF in capturing executive dysfunction in ASD has been established, with ASD individuals reporting difficulties with several aspects of EF, including behavioral and cognitive shifts, working memory and task completion (Gioia et al., 2000) . Several subscales and composite index scores are established through the BRIEF, including Emotional Control, Shifting (cognitive flexibility), and Inhibition (inhibitory control) as well as the overall Behavioral Regulation Index (BRI) consisting of inhibition, shifting, emotional control, and monitoring.
BRIEF T-scores (M=50, SD=10 for a normative population) were used for the correlational analysis between cingulum FA and EF ability. In the standardization of the BRIEF, T-scores were derived from raw scores by separating out the standardization sample into categories by age and gender (Gioia et al., 2010) . Therefore, although age differences in raw scores may be apparent, the influence of age on T-scores would be minimized. T-score distributions were established for each subscale and index score, with the exact percentile for each raw score varying slightly. Although each curve approximates the normal distribution, each curve has a slightly different shape with a small positive skew, as is the case for many problem-oriented clinical scales (Gioia et al., 2010) . IQ was not specifically measured in the standardization sample, but IQ has not been significantly associated with EF abilities (Welsh et al., 1991) .
We did not give the BRIEF-SR to participants younger than 18 due to the possibility that younger participants would not have sufficient insight into their own EF abilities. Instead, parents or other informants completed the parent (or informant) version of the BRIEF. Because the parent, informant, and self-report versions of the BRIEF have independentlyderived T-scores and differently-shaped score distributions, we could not combine scores from all sources into a single analysis. Further, the number of parent and informant forms compiled in this study was too small to perform a reliable correlation analysis for those participants. Therefore, we were left with eleven participants for the correlational analysis.
WASI full scale IQs were obtained for all participants in the ASD group and 12 neurotypical participants. Full scale IQ for 9 neurotypical participants was estimated using the Wide Range Achievement Test.
Image Acquisition and Analysis
All subjects received a Diffusion Tensor Imaging (DTI) exam at the North Shore University Medical Center, Manhasset, NY, on a GE Signa HDx 3.0T system (General Electric, Milwaukee, Wisconsin). All scans were reviewed by a radiologist for gross abnormalities that would preclude participation in this research study. The sequence included volumes with diffusion gradients applied along 31 non-parallel directions (b = 1000 s/mm2) and 5 volumes without diffusion weighting (TR = 14 s, TE = 75.3-82.3ms, matrix = 128 × 128, FOV = 240 mm). Each volume consisted of 51 contiguous 2.5-mm axial slices acquired parallel to the anterior-posterior (AC-PC) commissural line using a ramp sampled, double spin-echo, single shot echo-planar imaging (EPI) method. Data acquisition used parallel imaging with an acceleration factor of 2.
Image processing was conducted using the Functional Magnetic Resonance Imaging of the Brain Library 4.1.6 (FSL; Oxford, United Kingdom). Eddy-current distortions and headmotion displacements were corrected through affine registration of the 31 diffusion volumes to the first b0 volume using FSL's FLIRT tool (Jenkinson and Smith, 2001 ). The b-vector table for each participant was then adjusted according to the rotation parameters of this linear correction. Non-brain tissue was removed using FSL's Brain Extraction Tool. Fractional Anisotropy (FA), as well as axial, radial and mean diffusivities, was computed for each voxel of the brain by fitting a diffusion tensor model to the raw diffusion data using weighted least squares from the DTIFIT tool in FSL's Diffusion Toolbox.
Probabilistic Tractography
The local (i.e., within-voxel) probability density functions of the principal diffusion direction were estimated using Markov Chain Monte Carlo sampling in FSL's Bedpostx tool (Behrens et al., 2007) . A spatial probability density function across voxels was then estimated based on these local probability density functions using FSL's Probtrackx tool (Behrens et al., 2007) , in which 5000 samples were taken for each input voxel with a 0.2 curvature threshold, 0.5mm step length, and 2000 steps per sample. For each tract, seed regions, way-points, termination and exclusion masks were defined on the MNI152 1mm template, and automatically registered to each subject's diffusion space using FLIRT with the affine parameters obtained from co-registration between the first b0 volume and the MNI152 1mm T1 brain (Jenkinson and Smith, 2001) . To segment the cingulum tracts, seed regions, way-points, target regions, termination and exclusion masks were drawn on the MNI152 T1 brain provided in FSL, using FSL's FMRIB58_FA template as a DTI specific reference. The seed mask for the anterior cingulum was manually drawn on 3 coronal slices at the level of the anterior edge of the corpus callosum, as defined in the MNI152_T1 template. A second seedmask was manually drawn on 3 coronal slices, just posterior to the splenium of the corpus callosum. Fibers that ran anterior along the cingulate gyrus, inferior to the level of the hippocampus or to the contralateral hemisphere were excluded. The cingulum of each subject was thresholded at a normalized probability value of 0.05 and visually inspected to confirm successful tracing in each individual by multiple experienced technicians (Figure 1 ).
To establish the specificity of the association between white matter integrity in cingulum bundle and clinical symptomotology of ASD, we selected the Anterior Thalamic Radiation (ATR) as a control tract. A seedmask of the thalamus was derived from the HarvardOxford subcortical atlas (Desikan et al., 2006) , as provided in FSL, and then manually edited according to the MNI152 T1 template to exclude the medial and lateral geniculate nuclei. Prefrontal WM was used as a way-point, derived by segmenting the WM from the prefrontal cortical regions in the HarvardOxford atlas (Desikan et al. 2006) . Fibers were terminated when they reached the prefrontal WM. In addition, only fibers going through the anterior limb of the internal capsule (ALIC) were retained. This second way-point was defined on 3 coronal slices in the anterior section of the ALIC. Fibers going through occipital, temporal, parietal, sensory-motor (including the supplementary motor area) GM, as defined with the HarvardOxford cortical atlas (Desikan et al. 2006) , were excluded. This exclusion mask was manually expanded to exclude fibers going into the brainstem or the contralateral hemisphere. The bilateral ATR of each subject was then thresholded at a normalized probability value of 0.005.
Head Displacement
To assess head motion that could potentially affect fractional anisotropy and other DTI derived measurements, the head displacement for each subject was estimated. As a displacement distance between two DTI volumes, the root mean square deviation was calculated from intra-subject registration (eddy-current and motion correction) parameters, at an r = 40mm spherical surface using FSL's rmsdiff tool (http://www.fmrib.ox.ac.uk/fsl/ flirt/overview.html). For each subject, the sum of displacement distances between each consecutive pair of 31 DTI volumes (i.e., 30 displacement distances) was computed as the total head displacement for the subject. No subject was excluded based on the displacement distances.
Statistical Analysis
To assess the effect of laterality, right and left cingulum FA values, as well as axial, radial and mean diffusivities, were tested in 2 × 2 (group x hemisphere) analysis of covariance (ANCOVA) with head displacement, age and IQ as covariates. To investigate the potential relationship between age and cingulum bundle FA, we tested for a group x age interaction using a 2 × 2 ANCOVA with head displacement and IQ as covariates. In addition, Pearson's product moment correlations were computed between age and cingulum FA for each group separately, adjusted for IQ and head displacement. To evaluate the association between cingulum FA and EF, Pearson's product moment correlations were computed between cingulum FA values and each of the measures from the BRIEF separately for each group.
Results
Demographic and clinical characteristics for the sample are illustrated in Table 1 . There was no significant difference in distributions of age and sex (p > 0.05), although IQ was significantly higher in the control group. In addition, the groups did not differ significantly in head displacement (t = 0.82, df = 40 p = 0.42). As expected, the ASD group demonstrated significantly worse performance on the BRIEF BRI and each of its 3 subscales compared to the neurotypical group (Table 1) .
ANCOVA revealed a main effect of group (F 1,77 = 7.11, p = 0.009) and hemisphere (F 1,77 = 13.39, p < 0.001), but no significant group x hemisphere interaction (F 1,77 = 1.54, p = 0.22) for FA. Overall, the ASD group had lower FA in the bilateral cingulum bundle (t = 2.23, df = 40, p = 0.032) than the neurotypical group and FA was significantly higher in the left compared to the right hemisphere (t = 3.19, df = 82, p = 0.002). The group-by-age interaction was statistically significant (F 1,36 = 4.55, p = 0.040) indicating that the ASD group did not show the typical age-associated increase in cingulum FA that was present in the neurotypical group (Figure 2) . Pearson product moment correlations indicated that age was positively correlated with cingulum FA among the neurotypical group (r = 0.61, df = 17, p = 0.0016), but not in the autism group (r = 0.18, df = 17, p = 0.45). Axial, radial and mean diffusivities showed neither significant main effects nor interactions; the exception being that mean diffusivity demonstrated a significant effect of age across groups (F 1,77 = 4.28, p = 0.046). To examine whether medication status of the ASD participants influenced FA, we compared mean cingulum FA between ASD participants with a history of medication use and those with no medication use. No effect of medication use on FA was observed (t = 1.48, df = 19, p = 0.16).
There was a significant negative correlation between cingulum FA and total BRIEF BRI score in the ASD group (r = −0.70, df = 9, p = 0.016; Figure 3A ), but not in the neurotypical group (p > 0.05). In a post-hoc analysis, cingulum FA was negatively correlated with the shifting subscale in the autism group (r = −0.61, df = 9, p = 0.044; Figure 3B ), but not in the control group (p > 0.05).
For ATR FA, there was neither an effect of group (p = 0.58) nor a group-by-age interaction (p = 0.22). Further, there was no significant correlation between ATR FA and BRIEF BRI score (p = 0.23).
Discussion
The current results show a deficiency in cingulum bundle white matter development in ASD during late adolescence and early adulthood. The current findings thus extend prior work by implicating abnormalities in typical age-related changes within cingulum bundle across this age period in ASD, and are consistent with the hypothesis that a disturbance in cingulum maturation may play a role in the executive impairment associated with the disorder. An important strength of the current study is that the groups were individually matched for age and sex and that the results remained statistically significant even after controlling for the effects of IQ. Moreover, the current study is unique in at least two additional ways. First, we expand upon prior literature (Weinstein et al., 2011; Jou et al, 2011a) by examining white matter integrity in adolescents and young adults with ASD, thereby attempting to resolve discrepancies in these prior findings that may be due to developmental factors. Second, we show that white matter integrity particularly in the cingulum bundle is negatively associated with the severity of self-reported EF deficits in ASD.
Cingulate abnormalities have been implicated in the pathogenesis of autism across multiple neuroimaging measures, including structural (Jiao et al., 2010) and functional (Bolling et al., 2011 ) magnetic resonance imaging. Moreover, using activation likelihood estimation metaanalysis, Cauda et al. (2011) reported that more gray matter was observed bilaterally in the right anterior cingulate cortex and posterior cingulate cortex (among other regions) in individuals with ASD. White matter abnormalities, as assessed via diffusion tensor imaging, have also been strongly implicated in the neurobiology of autism (Travers et al., 2012) and observed using conservative analytic approaches such as tract based spatial statistics (Cheng et al., 2010) . Prior results suggest that white matter integrity may be higher in ASD compared with typical development in early childhood, but may be lower in ASD in early adolescence. The current study suggests that age-associated differences in cingulum white matter integrity continue into late adolescence and young adulthood, specifically the trend of lower white matter integrity in ASD compared with typical development.
The ASD group did not demonstrate typical age-associated increases of the cingulum bundle (Lebel and Beaulieu, 2011) , which was observed robustly in the neurotypical group. The current findings help resolve disparities in prior literature, and broadly align with the results from longitudinal work demonstrating significant abnormalities in white matter development in individuals with ASD. For example, Hua et al. (2011) created longitudinal brain tissue growth maps in 13 autistic and seven typically developing boys. Although the typically developing boys demonstrated white matter growth during this longitudinal period, this pattern was considerably slower among the boys with autism who were between the ages of 12 and 15 years. Moreover, in one of the largest studies conducted to date, Courchesne et al. (2011) reported changes in brain size among autistic and typical subjects ranging in age from 12 months to 50 years based on analyses of 586 longitudinal and cross-sectional MRI scans. Courchesne et al. (2011) interpreted their findings to suggest significant brain overgrowth during the infancy and toddler years which is followed by an accelerated rate of decline and possible neurodegeneration from 12 to 50 years old. The relation between age and FA in the current results (Figure 2) is consistent with the hypothesis that individuals with ASD may initially demonstrate greater FA within the cingulum bundle, followed by a period of slower development through late adolescence and early adulthood. The current findings do not directly confirm degeneration of white matter in this particular age range, as might be suggested by Courchesne and colleagues (2011) . However, our results show a significant deficiency in ASD of typical age-related enhancement of white matter, potentially indicating neurodegeneration. Further studies are necessary to specifically address the question of whether ASD is associated with slower development of white matter in adolescence or is marked by a true pattern of neurodegeneration.
Findings in the current study are further consistent with prior cross-sectional studies demonstrating age-by-group interactions among individuals with ASD compared with neurotypical groups, although the results of these studies have not always been consistent. Mak-Fan and Morris (2012) reported age-by-group interactions in frontal, long distant, interhemispheric and posterior tracts, for several diffusivity measures (although not FA) in boys that ranged in age from 6 to 14 years. Mengotti and D'Agostini (2011) found that age correlated negatively with lobar and callosal ADC measurements in individuals with autism, but not in children with normal development in the age range of 4 to 14. More recently, Kleinhans and Pauley (2012) reported significant group-by-age interactions for FA, radial diffusivity, and mean diffusivity in the majority of white matter tracts examined. In contrast to the current results, however, Kleinhans and Pauley (2012) reported that controls demonstrated age-associated reductions in FA, while the ASD group demonstrated increases over a broad age span. We suggest that the FA reduction observed by Kleinhans and Pauley (2012) is due to the inclusion of the wider age range (13 to 40 years old) and their reliance on linear analytical techniques. It has been shown by a larger study that FA development is marked by a non-linear curve whose peak occurs in early adulthood (Lebel et al., 2012) . According to those findings, the participants in our study (12 to 23 years old) would be younger than the age for peak FA. Therefore, we believe our observation of a positive association between age and cingulum bundle FA in the control group represents the ageassociated change in white matter during typical development found in this larger study. However, it remains unclear the overall characteristics of age-related white matter change in ASD throughout development. Therefore, it would be ideal for future studies to incorporate a wider age range and larger sample size to investigate longitudinal developmental changes in white matter integrity in ASD.
Few studies have investigated structure-function relations involving white matter abnormalities in ASD. Although neuropsychological data were available for only a limited number of subjects, the current finding that the disruption in typical white matter development within the cingulum bundle in the ASD group may be associated with executive dysfunction provides an important new avenue for further investigation. It may be noteworthy that this association was most pronounced in the shifting score, but not in the emotional control or inhibition scales. The shifting score assesses the ability to change tasks rapidly and requires the ability to identify and solve problems in novel ways. More specifically, these individuals with excellent shifting can transition between tasks, demonstrate the ability to tolerate changes and switch cognitive set without losing track of the overall task goal. The current results are highly consistent with those of Shafritz and colleagues (2008) , who found that functional activation in anterior cingulate during a response shifting task was negatively correlated with scores on the Restricted, Repetitive and Stereotyped Patterns of Behavior Domain of the ADI-R. The results also converge with those of Gioia (2002) who reported that individuals with ASD could be distinguished from other groups with similar phenomenology, including those with traumatic brain injury and ADHD, by deficits in flexibility. In contrast, we did not observe associations with the inhibition scale, which requires the ability to inhibit prepotent tendencies to respond to stimuli and act in an impulsive manner. Furthermore, no association with the emotional control scale was observed, which taps the ability to modulate emotion control and/or expression and tolerate changes in mood. Therefore, deficits in cingulate connectivity and function may be specifically related to behavioral and set shifting ability in individuals with ASD, and not necessarily to other aspects of EF. Taken together, these findings provide insights for a selective and specific biological marker for set shifting deficits often observed in ASD.
There were a number of limitations to this study that should be acknowledged. Given the cross-sectional nature of our study we could not infer whether slower white matter development would be observed in the ASD individuals in a longitudinal design. In addition, we acknowledge that self-report neuropsychological data were not available for all individuals in the ASD group, resulting in a small sample size for these analyses. Although we had adequate power to observe EF/white matter relationships for certain subscores of the BRIEF that align well with prior literature, we may have missed important correlations that were not significant due to the limited sample size. The preliminary association observed between white matter structure and self-report measures of EF will need confirmation in future studies with larger samples. Lastly, the relationship between these white matter abnormalities and cortical gray matter and functional deficits was not investigated in the current study, but should be integrated together as a goal of future research.
In sum, the current results implicate a deficit in the neurodevelopmental trajectory of the cingulum bundle in individuals with ASD during adolescence and early adulthood. This abnormality may contribute to the executive dysfunction observed in the disorder. 3D Views of the Cingulum bundle as visualized with probabilistic tractography, averaged from all subjects and overlaid on the MNI152 T1 brain for display purposes. Cingulum bundle fractional anisotropy and age in autism and neurotypically developing groups 
